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The molecular mechanisms that integrate cellular polarity with tissue architecture during 
epithelial morphogenesis are poorly understood. Using a three-dimensional model of epithelial 
morphogenesis, Martin-Belmonte et al. (2007) report that the phosphatase PTEN and phos-
phatidylinositol (4,5)-bisphosphate [PI(4,5)P2] regulate the GTPase Cdc42 and the kinase aPKC 
to generate the apical plasma membrane domain and maintain apical-basolateral polarity.The development and function of 
many tissues that feature tubular 
networks—including the lung, vas-
culature, gut, mammary tissue, and 
kidney—are regulated by intricate pro-
grams of epithelial cell morphogenesis 
(Lubarsky and Krasnow, 2003). These 
programs require the orchestration of 
cell-cell and cell-substratum interac-
tions with intracellular signal transduc-
tion events. The proper asymmetric 
distribution of internal signaling com-
ponents and cytoskeletal elements is 
essential to establish and maintain cell 
polarity, which is necessary to organ-
ize cells into structures such as tissues 
and organs. Furthermore, for organs 
to function properly each cell must be 
correctly aligned with adjacent cells 
and be positioned appropriately within 
the overall tissue architecture. In this issue, Martin-Belmonte et al. (2007) 
further our understanding of how cel-
lular polarization is achieved during 
epithelial morphogenesis.
Cellular polarity is an important 
feature of many eukaryotic cells that 
respond to spatial cues. Motile cells 
that become polarized in response 
to chemoattractants have enabled 
elucidation of the fundamental prin-
ciples governing polarized signaling 
responses. In these cells, exposure to 
extracellular chemoattractants leads 
to spatial restriction of the phosphati-
dylinositol lipids phosphatidylinositol 
(3,4,5)-trisphosphate [PI(3,4,5)P3] and 
PI(4,5)P2, as well as PI3 kinase (PI3K) 
and PTEN—the enzymes that catalyze 
their interconversion (Bagorda et al., 
2006). Likewise, recent studies dem-
onstrate that multiple cell types use Cell 128, Japolarization of phosphatidylinositol 
signaling components to drive cyto-
kinesis (Janetopoulos and Devreotes, 
2006). In hippocampal neurons, PI3K 
signaling couples with the Par3/Par6/
aPKC polarity complex to select future 
axons among multiple undifferentiated 
neurites (Shi et al., 2003) (Figure 1). 
Similarly, a recent study reported that 
Par3 recruits PTEN to cell-cell junc-
tions in Drosophila photoreceptor epi-
thelial cells, thereby spatially restricting 
PI(3,4,5)P3 to the apical domain (Pinal 
et al., 2006). Over a decade ago, stud-
ies in two different models of renal 
epithelial cell morphogenesis dem-
onstrated the requirement for PI3K in 
hepatocyte growth factor-mediated 
scatter, chemotaxis, and tubule forma-
tion (Rosario and Birchmeier, 2003). 
Nevertheless, a detailed picture of the Figure 1. Phosphoinositides as Key Regulators of Cellular Polarity
The cellular distribution of PI(3,4,5)P3 (purple) and PI(4,5)P2 (green) during chemotaxis, cytokinesis, growth cone formation, epithelial cell polariza-
tion, and cyst formation is shown. The segregation of PI(3,4,5)P3 and PI(4,5)P2 creates subcellular domains, attracting specific signaling components 
involved in maintaining polarized responses. During growth cone formation, PI(3,4,5)P3 accumulates at the tip of neurites and is involved in axon 
specification. Although the distribution of PI(4,5)P2 has not been determined in developing neurons, altering the levels of PTEN leads to dramatic 
defects in axon formation (Shi et al., 2003). During cyst formation, Martin-Belmonte et al. (2007) show that apical localization of PI(4,5)P2 is sufficient 
to recruit polarity protein complexes (Par6, aPKC), the GTPase Cdc42, and the adaptor Annexin 2 (Ax2) to the apical surface.nuary 26, 2007 ©2007 Elsevier Inc. 239
molecular mechanisms by which PI3K 
signaling regulates epithelial morpho-
genesis has not emerged.
Recently, the Mostov laboratory 
reported that PI(3,4,5)P3 regulates the 
formation of the basolateral plasma 
membrane in a three-dimensional cul-
ture model of epithelial cyst morpho-
genesis using Madin-Darby canine kid-
ney (3D MDCK) cells (Gassama-Diagne 
et al., 2006). In this issue, the same 
laboratory now reports that PTEN and 
PI(4,5)P2 regulate Cdc42 and aPKC to 
organize the apical plasma membrane 
(Martin-Belmonte et al., 2007). They 
found that the high-affinity marker for 
PI(4,5)P2—the PH domain of phospho-
lipase Cδ1—as well as PTEN strongly 
localize to the apical plasma membrane 
that lines the cyst lumen. Importantly, 
the authors demonstrate that cells with 
reduced PTEN activity exhibit dramatic 
defects in PI(4,5)P2 and PI(3,4,5)P3 
segregation and in lumen formation. To 
further substantiate the role of PI(4,5)P2 
during epithelial morphogenesis, the 
authors demonstrate that the PI(4,5)P2 
binding adaptor Annexin 2 localizes 
to the apical surface of MDCK cysts 
where it interacts with active Cdc42 
to control actin assembly. Cells with 
reduced levels of Annexin 2 show 
abnormal lumen formation and lower 
actin levels. Similarly, reduced Cdc42 
activity leads to defects in lumen for-
mation, with cysts showing multiple 
small lumens. Finally, the authors link 
the asymmetrical distribution of Cdc42 
to the activation of the Par/aPKC 
complex, which has been shown to 
form a multimeric polarity-regulatory 
complex with activated Cdc42 at the 
plasma membrane of MDCK cells. 
They show that Par6 and aPKC local-
ize to the apical plasma membrane of 
cysts. As expected, reduced levels of 
PTEN, Annexin 2, or Cdc42 all lead to 
the intracellular accumulation of Par6/
aPKC, and inhibition of all aPKCs leads 
to the formation of cysts with abnormal 
lumens. Intriguingly, the authors found 
that Par3 specifically associates with 
tight junctions. Recent work has shown 
that Par3 also localizes to tight junc-
tions in two-dimensional (2D) MDCK 
monolayers, where it interacts with 
Rich1 (a Cdc42 GTPase-activating pro-
tein) and the scaffolding protein Amot, 240 Cell 128, January 26, 2007 ©2007 Eand regulates the Cdc42-dependent 
maintenance of tight junction integrity 
(Wells et al., 2006). Importantly, this 
tight junction complex is devoid of 
Par6. Although the Mostov group did 
not assess whether Cdc42 localizes 
with Par3 at tight junctions in their 3D 
system, their findings clearly show that 
two distinct and spatially restricted Par 
complexes control epithelial morpho-
genesis (Figure 1).
In order to establish the central 
role of PI(4,5)P2 in lumen and apical 
plasma membrane formation, Mar-
tin-Belmonte et al. (2007) delivered 
PI(4,5)P2 to the basolateral plasma 
membrane of cysts and monitored the 
effect on apical marker distribution 
and cyst morphology. They found that 
the addition of PI(4,5)P2 targets apical 
and tight junction proteins such as ZO-
1, gp135, and ezrin to the basolateral 
surface. Most remarkably, exogenous 
PI(4,5)P2 also causes the redistribution 
of Annexin 2, Cdc42, and aPKC as well 
as lumen shrinkage and cyst malfor-
mation. Taken together, this extensive 
body of work brings forth a pathway 
where PI(4,5)P2 acts as a key determi-
nant in mediating intracellular asym-
metry and the formation of the central 
lumen and apical plasma membrane. 
PTEN segregates PI(4,5)P2 to the api-
cal surface, recruiting Annexin 2 and 
Cdc42, which spatially regulate actin 
assembly. Cdc42 goes on to recruit 
the Par6/aPKC complex, which further 
stabilizes axial polarity (Figure 1).
Although this study brings significant 
insight into the molecular mechanisms 
that control epithelial morphogenesis 
and cellular polarity, numerous ques-
tions remain unanswered. First and 
foremost, the upstream signals that 
lead to phosphoinositide lipid segre-
gation need to be determined. As in 
chemotaxing cells, where chemoat-
tractants activate G protein-coupled 
receptors, several components lie 
between the receptors and PI3K, and 
the initial polarity cues have remained 
elusive. Similarly, the events that give 
rise to PTEN asymmetry are largely 
unknown. Although multiple posi-
tive feedback loops are proposed to 
greatly amplify these initial cues, their 
identification and the mechanisms 
that strengthen and maintain them lsevier Inc.are the focus of intense research in 
the polarity field. At the other end of 
the spectrum lies the question of how 
molecular interactions at the single-
cell level both specify and respond to 
the 3D architecture of a genuine tissue 
in vivo. Mostov and coworkers previ-
ously showed that Rac1 coordinates 
two-way communication with the 
extracellular environment by organiz-
ing both apical polarity and extracel-
lular laminin assembly, which in turn 
provides cells with their own extra-
cellular polarity cue (O’Brien et al., 
2001). It will be important to determine 
whether similar autocrine mechanisms 
coordinate intracellular signaling with 
the positioning of the cell within a par-
ent tissue.
The emerging principle from all of 
these studies is the spatial restric-
tion of phosphatidylinositol lipids. 
Although there are differences in both 
the mechanisms of achieving this 
asymmetry and in the downstream 
consequences, ongoing investiga-
tions will further clarify the unifying 
principles that govern polarity-driven 
processes.
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